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The spinel NiCr2O4 is known to show a ferrimagnetic transition at Tc = 70 K, and magneto-
structural transitions at Ts = 30 K and To = 20 K. We present a detailed magnetic and magne-
tocaloric effect (MCE = −∆SM (T )) study across these transitions. The −∆SM (T ) shows a positive
anomaly at Tc, Ts, and To. In addition to these anomalies, we report a new unreported feature
at T ≈ 8.5 K where −∆SM (T ) shows a negative anomaly or the inverse MCE. An Arrot plot of
the isothermal magnetization data reveals important information about the nature of the possible
phases revealed in −∆SM (T ). We have also made a scaling analysis of the −∆SM (T ) data around
these transitions. This analysis suggests that the transition at Tc is a second-order Mean field like
transition, the transition at Ts is not second order and is non-mean field like, while the new tran-
sition at T = 8.5 K is non-mean field like but is second order in nature. Our study demonstrates
that magnetocaloric effect is sensitive to magneto-structural changes in materials and can be used
for the identification of new phases and transitions.
I. INTRODUCTION
Materials crystallizing in the spinel structure show
many multifunctional behaviours such as, magnetodielec-
tric, multiferroic, magnetoelastic, and magnetocaloric ef-
fects. The variety of such multifunctional behaviours
in a single material class is due to correlations among
different degrees of freedom such as spin, lattice and
orbital1–12. The spinel oxides are any of a class of
minerals with the chemical formula A2+B3+2 O4
1,12–16.
NiCr2O4 is a normal spinel material crystallizing in the
cubic space group Fd3¯m at high temperatures3,18. As
the temperature is lowered NiCr2O4 undergoes multi-
ple transitions. A structural transition from cubic to
tetragonal symmetry occurs at 310 K20,21. A cou-
pled magneto-structural change from tetragonal to or-
thorhombic symmetry accompanied by ferrimagnetic or-
der between the Cr and Ni sublattices occurs at Tc ≈
70 K22,23. Another magneto-structural transition oc-
curs at Ts = 30 K involving subtle changes in NiO4
tetrahedra21,22,24–26. Recently another previously unre-
ported feature at To = 20 K has been identified using
magnetocapacitance measurements19. This has been sug-
gested to be another coupled magneto-structural change
where completion of ferrimagnetic ordering and a spin-
driven structural distortion occurs. Thus NiCr2O4 has
been shown to be an avenue to study effects of strong
coupling between the spin and lattice degrees of freedom.
The magnetocaloric effect (MCE) has been recently
proposed to be a sensitive measurement to study mag-
netoelastic systems where the magnetic and lattice de-
grees of freedom are strongly coupled2,30. NiCr2O4 there-
fore appears to be an ideal material for a magnetocaloric
study to explore whether the various magneto-structural
transitions give measurable response in MCE. Here we
present a detailed study of the temperature and mag-
netic field dependence of the magnetization M and the
derived magnetocaloric response on polycrystalline sam-
ples of NiCr2O4. The
dM(T,H)
dT curves show anomalies at
T = 70 K and 30 K suggesting these transitions have
a magnetic component to them. An Arrott plot is used
to get insight into the nature of these transitions. The
magneto caloric effect (MCE = −∆SM ) shows clear pos-
itive anomalies at Tc = 70 K and Ts = 30 K as well
as at To = 20 K thus confirming that some magneto-
structural change occurs at 20 K. In addition to these
anomalies, we observe a prominent negative anomaly in
−∆SM (inverse MCE) at T = 8.5 K pointing to an as yet
undiscovered phase change in NiCr2O4. Thus the mag-
netocaloric effect indeed seems to be a sensitive probe to
detect magneto-structural changes in materials.
II. EXPERIMENT
The polycrystalline samples of NiCr2O4 were pre-
pared by conventional solid state reaction as reported
previously19. Stoichiometric amounts of NiO (99.995 %
Alfa Aesar) and Cr2O3 (99.999 % Alfa Aesar) were
mixed in an agate mortar and pestle for approximately
1 hour. This mixture was pelletized and sintered at
800 ◦C for 12 hours in air. The resulting pellets were
reground, mixed, re-pelletized, and annealed at 1100 ◦C
for 24 hours. This step was repeated twice. The X-ray
powder diffraction data were collected at room tempera-
ture and analyzed using GSAS software27. The magnetic
measurements were performed using a physical property
measurement system from Quantum Design in the tem-
perature range 2K ≤ T ≤ 300K and in magnetic fields
in the range 0 ≤ H ≤ 9 T.
Figure 1 shows the powder X-ray diffraction (PXRD)
pattern of the synthesized NiCr2O4 material. The Bragg
peaks in this pattern indicate that NiCr2O4 crystallizes
in the expected tetragonal space-group I41/amd consis-
tent with previous literature22. X-ray diffraction data
shows presence of a small amount (≤ 5%) of Cr2O3 im-
purity phase. A Rietveld refinement of the PXRD data
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Figure 1. Rietveld refinement of room temperature X-ray
diffraction pattern of NiCr2O4. Bragg peak of the impurity
phase Cr2O3 is labeled with ∗. Upper (Magenta) bars (|) and
lower (cyan) bars (|) represent the expected Bragg positions
for NiCr2O4 and Cr2O3, respectively. The difference curve
betwen the experimental pattern and the refined pattern is
given at the bottom.
was done. The results of the fit, shown in Fig. 1, gave
lattice parameters close to those previously reported for
NiCr2O4
22.
III. RESULTS AND DISCUSSION
A. Temperature and field dependent magnetization
Figure 2 shows M vs T (on the left y-panel) and in-
verse susceptibility, 1/χ(T ) = H/M (on right y-panel)
measured in a magnetic field H = 0.01 T. The M(T )
shows a sharp increase to very large values on cooling be-
low Tc = 70 K indicating a transition to a ferromagnetic
or ferrimagnetic phase. Below T = 30 K the magnetiza-
tion shows another anomaly where the magnetization de-
creases suggesting the onset of a further transition, possi-
bly antiferomagnetic in nature. These two anomalies are
more clearly visible in the dχdT plot shown in the inset of
Fig. 2. The 1/χ(T ) follows a linear T dependence at high
temperatures but shows a deviation from linear behavior
as Tc is approached from above. Near Tc, this nonlinear-
ity in 1/χ(T ) becomes hyperbolic in nature. A fit above
T = 200 K to the expresion χ(T ) = χ0+C/(T−θ), where
C is the Curie constant and θ is the Weiss temperature,
gave the values C = 6.33 cm3/mole K and θ = −604 K.
The large and negative θ implies predominantly antifer-
romagnetic exchange among magnetic ions. NiCr2O4 is
thus a geometrically frustrated magnet with a frustration
index f = θ/TN ≈ 10.
Figure 2 shows the field dependent isothermal magne-
tization data at temperatures T = 3 and 13 K inside the
magnetically ordered state. A rapid increase in M upto
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Figure 2. Magnetization vs temperature of NiCr2O4 in a mag-
netic field of 0.01 T on the left y-axis. The inverse magnetic
susceptibility 1/χ on the right y- axis approaches Tc from he
paramagnetic phase with a hyperbolic T dependence. Inset,
temperature derivative of χ vs temperature shows two clear
anomalies.
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Figure 3. The dM/dT versus T at various magnetic fields.
H = 2 T followed by a much weaker, almost linear in-
crease for larger H is observed. Additionally, there is a
hysteresis between the M(H) data measured in increas-
ing and decreasing H . The value of M at the highest
fields is much smaller than expected for completely po-
larized NiCr2O4. The above results i.e. θ < 0,
dM
dT < 0,
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Figure 4. Isothermal magnetization versus H measured from
T = 3 K to 123 K every 2 K.
hyperbolic behavior of 1/χ(T )23 when T → Tc, and the
M(H) behaviour is typical of a paramagnetic to ferrimag-
netic transition28. The above results including the two
phase transitions are consistent with previous reports on
this material19,23,26,29.
To get further insight into the various observed anoma-
lies, we look in more detail at the temperature derivative
of magnetization dM/dT at various magnetic fields as
shown in Fig. 3. The anomaly in dM/dT near Tc shows
a stronger dependence on magnetic field. The position
of the anomaly moves up in temperature and its gets
broadened in larger fields. This strong field dependence
strongly indicates a magnetic origin for the transition at
Tc. On the other hand, the position of the anomaly at
Ts = 30 K is almost independent of magnetic field and
it becomes slightly sharper in larger fields. This weak
field dependence suggests a mostly structural origin for
the transition at Ts.
B. Magnetocaloric effect
The MCE is given by the negative of the magnetic
entropy change −∆SM (T,H) and can be derived from
the isothermal magnetization at various T and H using
the expression2,
∆SM (T,H0→HMAX ) =
∫ HMAX
0
∣∣∣∣dMdT
∣∣∣∣
H
dH. (1)
If magnetization data is available only at discrete values
of temperature, as is mostly the case in experiments, the
integral in the above expression is replaced by a summa-
tion.
The closely spaced (every 2 K) isothermal magneti-
zation M(H,T ) data measured for NiCr2O4 are shown
in Fig. 4 and the temperature dependent −∆SM (T,H)
derived from these data is shown in Fig. 5. The
−∆SM (T,H) exhibits positive anomalies at Tc = 70 K
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Figure 5. Temperature dependence of MCE = −∆SM for
various magnetic fields H .
and Ts = 30 K corresponding to the anomalies ob-
served in the magnetic measurements above. Another
positive anomaly seen as a weak shoulder at To ≈
20 K is also observed. This temperature is consistent
with the recently reported anomaly in magnetocapaci-
tance measurements19 and confirms that some magneto-
structural change occurs at To = 20 K. Addition-
ally a negative anomaly (inverse MCE) is observed at
T ≈ 8.5 K. This lower temperature anomaly hasn’t
been reported before and suggests additional magnetic
or structural ordering or re-ordering of some kind.
The transition at Tc = 70 K is reported to be a
magneto-structural one. In general, magnetostructural
transitions are of first order transition in nature. For
a first order transition the order parameter emerges in
a discontinuous manner due to which a large change
in entropy is expected. The anomaly in −∆SM (T ) at
Tc is however, quite smooth with a moderate value of
1.5(J/kg-K) at H = 8 T and is symmetric around the
Tc. This suggests that the transition at Tc may be of
second order. The positive anomalies in MCE at Tc and
Ts indicates decrease of magnetic entropy on the appli-
cation of magnetic field. This is expected due to spin
re-orientation in a field. The weak shoulder at T = 20 K
also shows a magnetic field dependence which would be
consistent with a magnetic transition.
C. Landau free energy and Arrott plot
For magnetic phase transitions, the order parameter is
the magnetization or sub-lattice magnetization if there
are more than one sub-lattices. The Landau free en-
ergy for a material like NiCr2O4 with different sub-lattice
magnetizations m1 and m2 which are coupled, can be
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Figure 6. (a) Temperature dependence of Arrott plot de-
rived from the isothermal curves of magnetization. The Ar-
rott curve for the critical isotherm T = Tc passes through the
origin. (b) The Arrott plots for T ≤ 21 K on an expanded
scale to highlight the progression of curves for various tem-
peratures including reversal below T ∼ 11 K (see text for
details).
written as:
F (m1,m2, H) = F0 +
1
2
am21 +
1
4
bm41 −Hm1
+
1
2
Am22 +
1
4
Bm42 −Hm2 − Cm1m2 . (2)
This expression is constructed by assuming ferromag-
netic intra-sublattice interaction and antiferromagnetic
inter-sublattice interaction. The antiferromagnetic ex-
change between sublattices is taken into account by in-
troducing the term −Cm1m2 in equation 2 with C < 0.
As usual, the parameters F0, b > 0 and B > 0 are taken
as temperature independent constants while a and A are
temperature dependent coefficients given by
a(T ) = a0 + a1T
2 > 0, (3)
A(T ) = A0 +A1T
2 > 0. (4)
To get solutions for ground state values of m1 and m2
we need to do a minimization of the free energy as m1
and m2 vary i.e. we need to set
∂(F )
∂(m1,m2)
= 0, which
gives us:
am1 + bm
3
1 −H − Cm2 = 0, (5)
Am2 +Bm
3
2 −H − Cm1 = 0. (6)
We see that the coupling term in the free energy leads
to terms in Eqns. 5 and 6 that act as effective magnetic
fields. For example, the magnetization of the second sub-
lattice acts as an effective field for the first sublattice as
can be seen in Eqn. 5. The above expressions also indi-
cate that m1 and m2 will be non-linear functions of H .
This will in turn lead to a non-linear Arrott plot (M2 vs
H/M) for the total magnetization M .
The Arrott plot for NiCr2O4 obtained from the isother-
mal magnetization data in Fig. 4 is shown in Fig. 6 (a).
The Arrott plot curves for different temperatures are
non-linear and their curvature changes as the system is
cooled across the various phase transitions. In the para-
magnetic state, the curves are strongly concave, very dif-
ferent from the curves obtained for simple feromagnets
which are linear. Strong curvature in the Arrott curves
for T > Tc suggests strong antiferomagnetic coupling be-
tween the two (Cr3+ and Ni2+) sublattices. The tem-
perature for which the nonlinear Arrott curve passes the
origin, is identified with the ferrimagnetic transition tem-
perature Tc. It can be seen from Fig. 6 (a) that this hap-
pens for the curve at T = 70 K which is consistent with
anomalies in other measurements reported above.
As the temperature is lowered below Tc the concave-
ness of the Arrott curves reduces and eventually disap-
pears and the curves show almost linear dependence for
large H/M . As we cross Ts = 30 K the Arrott curves do
not show any significant change. This again suggests that
the transition at Ts is not magnetic in origin. As the tem-
perature is lowered further, something unusual happens.
The Arrott plots for temperature T ≤ 21 K are shown in
Fig. 6 (b) on an expanded scale. We see that the Arrott
curves, for temperatures down to T = 17 K are all mov-
ing up roughly by uniform amounts. This can be seen
from the Fig. 6 (b) for the plots going from T = 21 K to
T = 19 K and going from T = 19 K to T = 17 K, which
are shown as arrows. Below T = 17 K, the rate at which
the curves for different temperatures are moving up slows
down and we se that the curve for T = 15 K is quite close
to the T = 17 K curve. The T = 13 K curve almost over-
laps with the T = 15 K curve and for temperatures lower
than this, the curves reverse their progression and start
moving down as T is lowered below T = 13 K. The rate
at which the curves move down is increased at T ≈ 10 K
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Figure 7. Scaling plots of ∆SM for the T = 70 K transition.
(a) ∆SmaxM versus H
2/3 data showing a linear dependence
expected for a mean-field transition. (b) The collapse of all
the ∆SM data at different magnetic fields onto a universal
curve when plotted as ∆SM/∆S
max
M vs θ (see text for details).
as can be seen from the change in the plots in going from
11 K to 9 K and 9 K to 7 K and so on. This reversal in
Arrott curves indicates that a new magnetic phase possi-
bly of antiferromagnetic nature exists below T ≈ 10 K33.
This temperature is close to T ≈ 8.5 K where the inverse
MCE was observed.
D. Scaling analysis
Within mean field theory the magnetic entropy change
at the transition is expected to follow a power law be-
haviour given by ∆SM ∝ H
n with n = 2/3 2. Ad-
ditionally, close to a second order phase transition the
∆SM (T ) curves at different magnetic fields are expected
to collapse onto a common universal curve when they
are plotted as ∆SM/∆S
max
M versus θ, where ∆S
max
M is
the value of ∆SM at the transition temperature around
which the scaling analysis is being made, and θ is a re-
duced temperature given by θ = − T−TcTr1−Tc for T ≤ Tc and
θ = T−TcTr2−Tc for T > Tc. The Tr1 and Tr2 are the temper-
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Figure 8. Scaling plots of ∆SM for the T = 30 K transi-
tion. (a) ∆SmaxM versus H
2/3 data showing a non-linear de-
pendence. (b) The ∆SM/∆S
max
M vs θ at various magnetic
fields do not collapse to a universal curve (see text for de-
tails).
atures at the full width at half maximum of the anomaly
in ∆SM
2. We have performed the above scaling analysis
for the anomalies observed at Tc = 70 K, Ts = 30 K, and
at T = 8.5 K in the ∆SM (T ) data shown in Fig. 5.
For the ferrimagnetic transition at Tc = 70 K, the plot
of ∆SM versus H
2/3 is shown in Fig. 7 (a). A linear plot
is obtained which strongly suggests that this transition is
mean-field like. A plot of ∆SM/∆S
max
M at various fields
versus the reduced parameter θ is shown in Fig. 7 (b).
We see that all the ∆SM curves for the different mag-
netic fields approximately collapse onto a single univer-
sal master curve. This is strong evidence of the second
order nature of the ferrimagnetic transition at Tc = 70 K
in NiCr2O4.
For the structural transition at Ts = 30 K, the ∆SM
versus H2/3 shown in Fig. 8 (a) is non-linear indicating
a non-mean-field like transition. A plot of ∆SM/∆S
max
M
versus θ shown in Fig. 8 (b) is less conclusive. It seems
that the ∆SM curves at different fields do collapse some-
what to a single curve for θ > 0. However, for θ < 0
there is clear separation of the curves at different mag-
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Figure 9. Scaling plots of ∆SM for the T = 8.5 K inverse
MCE peak. (a) ∆SmaxM versus H
2/3 data showing a strongly
non-linear dependence. (b) The ∆SM/∆S
max
M vs θ at various
magnetic fields collapse to a universal non-Lorentzian curve
(see text for details).
netic fields suggesting no collapse. We therefore conclude
from this overall non-universal scaling to mean that the
transition at Ts = 30 K is not a second order transition.
Finally, for the T = 8.5 K inverse MCE anomaly, the
∆SM versus H
2/3 shown in Fig. 9 (a) is clearly non-
linear indicating a non-mean-field like transition. A plot
of ∆SM/∆S
max
M versus θ is shown in Fig. 9 (b). We see
that all the ∆SM curves for the different magnetic fields
beautifully collapse onto a single universal curve. This
is strong evidence that the new transition at T = 8.5 K
suggested from the strong inverse MCE, might be second
order in nature. We note that while the universal MCE
curve usually has a Lorentzian shape2, also seen for the
T = 70 and 30 K transitions, the universal ∆SM curve
for the 8.5 K transition is non-Lorentzian.
IV. CONCLUSION
The spinel NiCr2O4 is a magneto-elastic material
where the lattice degree of freedom is strongly coupled
with spin and orbital degrees of freedom. This coupling
drives several temperature dependent phase transitions
which are magnetic or magneto-structural in nature.
In this work we study the magnetocaloric (MCE) re-
sponse −∆SM of NiCr2O4 as the temperature is var-
ied across the various magnetic, structural or coupled
magneto-structural transitions. The MCE shows three
positive anomalies at Tc = 70 K, Ts = 30 K, and
To ≈ 20 K. The first two anomalies have been well
characterized in literature while the third one has been
reported only in one previous work. Our work therefore
confirms that some phase change occurs below To = 20 K.
Additionally, the MCE shows a negative anomaly at
≈ 8.5 K. This robust inverse MCE anomaly points to a
hitherto unreported transition which is most likely mag-
netic in nature. Future microscopic probe studies will be
required to clarify the origin of this possible new phase
transition in NiCr2O4. A scaling analysis of the ∆SM
data near the various critical temperatures reveals that
the transition at Tc is a second-order Mean field like tran-
sition, the transition at Ts is not second order and is non-
mean field like, while the newly discovered transition at
T = 8.5 K is non-mean field like but is second order in
nature.
V. ACKNOWLEDGMENT
We thank the X-ray facility at IISER Mohali. AA
thanks MHRD for financial support.
∗ yogesh@iisermohali.ac.in
1 H. Jin fan, M. Knez, R. Scholz, K. Nielsch, E. Pip-
pel, D. Hesse, M. Zacharias, and U. Go¨sele,
Nature Materials 5, 627 EP (2006).
2 V. Franco, J. BlA˜¡zquez, B. Ingale, and A. Conde,
Annual Review of Materials Research 42, 305 (2012).
3 N. Mufti, A. A. Nugroho, G. R.
Blake, and T. T. M. Palstra,
Journal of Physics: Condensed Matter 22, 075902 (2010).
4 S. Lee, A. Pirogov, M. Kang, K.-H. Jang, M. Yone-
mura, T. Kamiyama, S.-W. Cheong, F. Gozzo,
N. Shin, H. Kimura, Y. Noda, and J.-G. Park,
Nature 451, 805 EP (2008).
5 M. Lapine, I. V. Shadrivov, D. A. Powell, and Y. S.
Kivshar, Nature Materials 11, 30 EP (2011).
6 W. Eerenstein, N. D. Mathur, and J. F. Scott,
Nature 442, 759 EP (2006).
7 M. Bibes and A. Barthe´le´my,
Nature Materials 7, 425 EP (2008).
8 S.-W. Cheong and M. Mostovoy,
Nature Materials 6, 13 EP (2007).
79 R. Ramesh and N. A. Spaldin,
Nature Materials 6, 21 EP (2007).
10 T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima,
and Y. Tokura, Nature 426, 55 EP (2003).
11 M. Fiebig, T. Lottermoser, D. Meier, and M. Trassin,
Nature Reviews Materials 1, 16046 EP (2016).
12 A. P. Ramirez, R. J. Cava, and J. Krajewski,
Nature 386, 156 EP (1997).
13 S.-H. Lee, C. Broholm, W. Ratcliff, G. Gas-
parovic, Q. Huang, T. H. Kim, and S.-W. Cheong,
Nature 418, 856 EP (2002).
14 P. G. Radaelli, Y. Horibe, M. J. Gutmann,
H. Ishibashi, C. H. Chen, R. M. Ibberson, Y. Koyama,
Y.-S. Hor, V. Kiryukhin, and S.-W. Cheong,
Nature 416, 155 EP (2002).
15 W. H. Bragg, Nature 95, 561 EP (1915).
16 G. Ueno, S. Sato, and Y. Kino,
Acta Crystallographica Section C 55, 1963 (1999).
17 C. Chaumont and M. Burgard,
Journal of Chemical Education 56, 693 (1979).
18 O. Crottaz, F. Kubel, and H. Schmid,
J. Mater. Chem. 7, 143 (1997).
19 T. D. Sparks, M. C. Kemei, P. T. Barton, R. Seshadri, E.-
D. Mun, and V. S. Zapf, Phys. Rev. B 89, 024405 (2014).
20 J. Dunitz and L. Orgel,
Journal of Physics and Chemistry of Solids 3, 20 (1957).
21 V. Kocsis, S. Borda´cs, D. Varjas, K. Penc, A. Abouel-
sayed, C. A. Kuntscher, K. Ohgushi, Y. Tokura, and
I. Ke´zsma´rki, Phys. Rev. B 87, 064416 (2013).
22 M. R. Suchomel, D. P. Shoemaker, L. Ribaud, M. C. Ke-
mei, and R. Seshadri, Phys. Rev. B 86, 054406 (2012).
23 H. Ishibashi and T. Yasumi,
Journal of Magnetism and Magnetic Materials 310, e610 (2007).
24 K. Tomiyasu and I. Kagomiya,
Journal of the Physical Society of Japan 73, 2539 (2004).
25 S. Klemme and J. C. van Miltenburg,
Physics and Chemistry of Minerals 29, 663 (2002).
26 M. R. Suchomel, D. P. Shoemaker, L. Ribaud, M. C. Ke-
mei, and R. Seshadri, Phys. Rev. B 86, 054406 (2012).
27 B. H. Toby, Journal of Applied Crystallography 34, 210 (2001).
28 J. S. Smart, American Journal of Physics 23, 356 (1955),
https://doi.org/10.1119/1.1934006.
29 K. Devi Chandrasekhar, J. Krishna Murthy, J.-Y. Lin,
H. C. Wu, W. J. Tseng, A. Venimadhav, and H. D. Yang,
Phys. Rev. B 94, 205143 (2016).
30 P. J. v. Ranke, N. A. de Oliveira, C. Mello, A. M. G.
Carvalho, and S. Gama, Phys. Rev. B 71, 054410 (2005).
31 M. Creutz, L. Jacobs, and C. Rebbi,
Phys. Rev. D 20, 1915 (1979).
32 B. E. Houari, M. Benhamou,
M. E. Hafidi, and G. Chouteau,
Journal of Magnetism and Magnetic Materials 166, 97 (1997).
33 P. J. von Ranke, N. A. de Oliveira, B. P. Alho, E. J. R.
Plaza, V. S. R. de Sousa, L. Caron, and M. S. Reis,
Journal of Physics: Condensed Matter 21, 056004 (2009).
